Introduction
The liver is an important organ, responsible for metabolism, plasma protein synthesis, and detoxification. Liver fibrosis and cirrhosis result from chronic injury to the liver in conjunction with excessive deposition of collagen and other components of the extracellular matrix (ECM). Hepatic stellate cells (HSCs) play a principal role in liver fibrosis [1, 2] . Many authors reported the regeneration of hepatocytes from stem cells. In-vivo transplantation of bone marrow mesenchymal stem cells (MSCs) in mice has been reported to improve cirrhosis [3, 4] . The reason for the transplantation of stem cells is to promote the regeneration of tissue-specific cells and subsequent morphological and functional recovery of organs of all lineage cells [5, 6] . Hence, theoretically, bone marrow stem cells could be used in all disorders of mesodermal, ectodermal, and endodermal lineage tissues. This appears to provide exciting new opportunities for stem cell therapy. However, the number of stem cells engrafted and differentiated after transplantation limits the treatment roles. Furthermore, ambiguity continues over which subpopulation of bone marrow stem cells actually differentiates into hepatocytes and restores (1) The vial of recombinant HGF (Koma Biotech, Seoul, Korea) was centrifuged at 6000 rpm for 10 min at 4°C to bring the contents to the bottom. ( 2) The content of the vial was reconstituted with sterile distilled water to make a concentration of 10 µg/ml to be stored at −20°C for further use. A volume of 0.1 ml of this solution contained 1000 ng of HGF, which was added to 10 ml of chitosan stock solution to make HGF-CNP solution; each 1 ml contained 100 ng of HGF [23] .
MSCs were labeled with PKH26 (named after its discovery by Paul Karl Horan) red fluorescent cell linker mini kit for general cell membrane labeling (Sigma brand, catalog number: MINI26; Sigma Aldrich). It is in the form of PKH26 dye stock solution (one vial containing 0.1 ml, 1×10 −3 mol/l in ethanol) and diluent C (one vial containing 10 ml). This was done to ensure homing of MSCs and trace the injected cells into the liver tissue (according to Sigma protocol).
Animals
Sixty adult male albino rats weighing 175-225 g were used in this study. The animals were locally bred at the animal house of the Faculty of Medicine, Cairo University, in hygienic stainless steel cages in a clean well-ventilated room. Standard laboratory chow and tap water were available.
Animals were divided into two main groups: (1) Group I (the control group): this group consisted of 10 rats. They were injected intraperitoneally with 1 ml of sterile distilled water three times a week for 8 weeks. After this time period, they were injected with 1 ml PBS in a single dose in the tail vein. (2) Group II (the fibrosis group): this group consisted of 50 rats. They received intraperitoneal injection of 200 mg/kg of TAA dissolved in 1 ml sterile distilled water three times a week for 8 weeks to induce liver fibrosis. After this time period, the rats were further subdivided into five subgroups of 10 rats each: (a) Subgroup IIa (the untreated fibrosis group): the rats in this group were injected only with a single dose of 1 ml PBS in the tail vein. (b) Subgroup IIb (the MSCs-treated group): the rats in this group received a single injection of 1×10 6 of MSCs labeled with PKH26 dye in 1 ml PBS in the tail vein. the liver functions [7] . Moreover, the mechanism by which stem cells regenerate the respective parenchymal cells is not completely understood [8] . Evidence was reported for the transdifferentiation of stem cells [9] . Investigators attempted to improve cell therapy by means of several strategies such as delivery of bioactive molecules -for example, growth factors, cytokines, and chemokines [10] . Hepatocyte growth factor (HGF) has been reported to be a potent agent for acceleration of tissue regeneration following an acute insult, as well as for amelioration of tissue fibrosis and dysfunction in chronic conditions [11, 12] . Although secretion of HGF after liver injury increases, long-term secretion in adults is questionable. The long-term effects of exogenous HGF remain questionable because of its short half-life period. As it is also cleared rapidly by the liver in vivo, exogenous HGF is extremely unstable in the blood circulation with a half-life of only 3-5 min [13, 14] . This makes it almost impossible to sustain a constant high level of exogenous HGF in the circulation, even with repeated injections of HGF at short intervals. Nanotechnology offers solutions for the safe and conducive transportation of therapeutic proteins to the target site. Chitosan nanoparticles (CNPs), one among the biodegradable and less antigenic natural polymers, were reported to have the potential to carry and deliver biologically active macromolecules [15, 16] .
Aim of work
This work was designed to investigate the possible synergistic effect of HGF-incorporated CNP if coinjected with MSCs in improving experimental liver fibrosis and compare this with the possible effects of either MSCs or HGF-incorporated CNP separately.
Materials and methods
The original research was approved by the ethics committee in the Histology Department, Faculty of Medicine, Cairo University, Egypt, following international ethics and regulations for animal research in laboratory applications [17] . a specimen of pylorus for α-SMA and a specimen of the tonsil for PCNA [21] .
Quantitative morphometric analysis
The following parameters were examined using Leica Qwin 500 Image analysis (Hessen, Wetzlar, Germany): For each parameter, measurements were taken in five randomly selected nonoverlapping fields per slide from five slides of each animal.
(1) Area percentage of collagen: it was measured from sections from all groups using an objective lens of magnification 4 (a total magnification of 40).
(2) Area percentage of α-SMA: it was measured from sections from all groups using an objective lens of magnification 10 (a total magnification of 100). Fields containing apparent blood vessels were avoided. interactive counting of immunopositive cells was done using an objective lens of magnification 40 (total magnification of 400).
Statistical analysis
Statistical analysis was performed using SPSS software (Chicago, USA). Data were presented as mean±SD. Differences among the study groups were detected by one-way analysis of variance as a global test to determine any differences in data before comparing pairs of groups; thereafter, the t-test was used to compare two groups. P values less than 0.05 were considered statistically significant [22] .
Results

Histological results
Group I (control group)
Examination of the liver tissue of group I (control group) with H&E revealed ill-defined hepatic lobules formed of cords of hepatocytes radiating from the central vein to the periphery of the lobule. The portal areas contained branches of bile duct lined with simple cubical epithelium, a branch of portal vein, which is the widest with a thin wall, and a branch of hepatic artery that is rounded with narrow lumen. The hepatocytes appeared as polygonal cells having acidophilic cytoplasm and central rounded vesicular nuclei with prominent nucleoli. Some cells were binucleated. Hepatocyte cords were separated by blood sinusoids (Fig. 1) . Staining with Masson's trichrome showed minimal amount of collagen fibers around the central vein and in the portal tracts with unremarkable interlobular septa demarcating the classic hepatic lobules (Fig. 2) . Immunoreaction to α-SMA was seen in the media of central veins and in the vessels of the portal area. No positive immunostained cells were detected between the hepatocytes. As regards PCNA immunostaining most fields showed no immunopositive hepatocytes. However, in some fields, only one or two hepatocytes showed brown nuclear immunoreaction (Fig. 3) . 
Methods
Four weeks after all injections, rats from all groups were anesthetized using intraperitoneal injection of phenobarbitone at 60 mg/kg and then sacrificed. Liver specimens were taken rapidly and processed to prepare paraffin sections. Serial sections of 7 µm thickness were cut and subjected to the following stains:
(1) PKH26 labeling of MSCs: a fluorescent microscope was used to confirm homing of PKH26-labeled MSCs. (2) H&E stain to examine the general histological changes of the liver [20] . (3) Masson's trichrome stain to detect changes in collagen fiber content in different groups [20] . (4) Immunohistochemical staining of α-smooth muscle actin (α-SMA) and proliferating cell nuclear antigen (PCNA).
Mouse monoclonal antibody was used against:
(1) α-SMA (catalog number: MS-113-R7) as a marker of activated HSCs. (2) PCNA (catalog number: MS-106-R7) as a marker of hepatocyte regeneration.
The kits were obtained from NeoMarkers (Lab Vision Corporation, Westinghouse, California, USA).
Immunohistochemical staining
These anti-rat monoclonal antibodies are suitable for immunohistochemical staining of formalin-fixed paraffinembedded sections using the avidin-biotin peroxidase complex technique.
Sections were dewaxed in xylene, rehydrated, and pretreated with 3% hydrogen peroxide for blocking endogenous peroxidase activity. Microwave-assisted antigen retrieval was then performed for 20 min. Sections were incubated overnight at 40°C with the corresponding antibody. After washing with PBS, sections were incubated with biotinylated IgG and then with streptavidin-peroxidase conjugate. Sections were then washed with PBS and incubated with diaminobenzidine for 5 min and counterstained with Mayer's hematoxylin. Positive cells for α-SMA showed cytoplasmic brown deposits. Positive cells for PCNA showed nuclear brown staining. To obtain negative controls, additional specimens of the liver were processed in the same way but omitting the primary antibody. Positive control was with deep acidophilic cytoplasm and dark small pyknotic nuclei were detected. Many binucleated hepatocytes could be seen (Fig. 13) . Staining with Masson's trichrome showed minimal amounts of collagen fibers around the central vein and in the portal tracts, which were comparable to the control group (Fig. 14) . The positive α-SMA immunoreaction was detected mainly in the media of blood vessels. Only a few HSCs exhibited faint immunoreaction between hepatocytes. Many hepatocytes exhibited positive nuclear immunoreactivity for PCNA (Fig. 15 ).
Liver tissue of the rats in subgroup IIe (the CNP-treated group) stained with H&E showed marked thickening of the interlobular septa and disorganization of the lobular architecture. Many hepatocytes were vacuolated with fragmented nuclei (karyorrhexis). Some cells with deep acidophilic cytoplasm and dark small pyknotic nuclei were also noticed ( Fig. 16 ). Staining with Masson's trichrome showed a large amount of collagen fibers in the interlobular septa and between hepatocytes ( Fig.  17 ). There were abundant HSCs that were positively immunostained for α-SMA in between the hepatocytes. A few hepatocytes showed positive immunoreaction for PCNA ( Fig. 18 ).
Morphometric results
Analysis of variance among groups with respect to the mean area% of collagen, the mean area% of α-SMA immunoreactivity, and the mean number of PCNAreactive cells showed a statistically significant variance among the groups in each parameter (P<0.05).
A comparison between two groups with respect to these parameters was performed using the t-test and the results have been summarized in Tables 1-3 and Histograms 1-3. Table 1 and Histogram 1 summarize the results of the mean area% of collagen.
The greatest area% of collagen was detected in group IIa (the untreated fibrosis group), whereas the smallest was in group I (control group). Comparison between two groups revealed a statistically significant difference (P <0.05) except between the following pairs:
(1) Group I (the control group) and subgroup IId (the MSCs+HGF-CNP-treated group). (2) Subgroup IIb (the MSCs-treated group) and subgroup IIc (the HGF-CNP-treated group). Table 2 and Histogram 2 summarize the results of the mean area% of α-SMA immunoreactivity.
The mean area% of α-SMA immunoreactivity revealed the highest value in group IIa (the untreated fibrosis group) and the least in group I (the control group).
Comparison between two groups revealed a statistically significant difference (P<0.05) except between the following groups:
(1) Group I (the control group), subgroup IIb (the MSCstreated group), and subgroup IId (the MSCs+HGF-CNP-treated group).
Group II (the fibrosis group)
H&E-stained liver tissue of the rats in subgroup IIa that received TAA showed marked thickening of the interlobular septa with inflammatory cellular infiltration and marked dilatation of the portal veins and disorganization of the lobular architecture. Hepatocytes showed acidophilic cytoplasm. Some cells were binucleated and some vacuolated hepatocytes could also be detected (Fig. 4) . Staining with Masson's trichrome revealed marked increase in the amount of collagen fibers in the interlobular septa, portal tracts, and in between the distorted hepatocyte cords (Fig. 5 ). There were large numbers of HSCs showing positive immunostaining for α-SMA. HSCs appeared as branched, stellate cells, situated between the hepatocytes. A few hepatocytes showed positive nuclear immunoreaction for PCNA (Fig. 6 ).
Liver tissue of the rats in subgroup IIb (MSCs-treated group) stained with H&E showed thickening of the connective tissue septa and dilated portal vessels with inflammatory cellular infiltration, but these changes were moderate in comparison with those of subgroup IIa. Most hepatocytes had normal appearance with vesicular nuclei, and some binucleated hepatocytes were also detected (Fig. 7) . Staining with Masson's trichrome showed relatively small amounts of collagen in the connective tissue septa between hepatic lobules and in the portal areas (Fig. 8) . There was positive α-SMA immunoreactivity in the media of the blood vessels. Some α-SMA-positive HSCs were detected between the hepatocytes and in the portal area. HSCs appeared stellate shaped with fine processes that extended between the hepatocytes. Many hepatocytes exhibited positive nuclear immunoreactivity for PCNA (Fig. 9 ).
Liver tissue of the rats in subgroup IIc (the HGF-CNPtreated group) stained with H&E showed thickening of the interlobular fibrous septa with dilated portal vessels and disorganization of the lobular architecture but to less extent compared with subgroup IIa. There were many normal hepatocytes with vesicular nuclei. A few vacuolated hepatocytes could be seen. Some hepatocytes with rarified cytoplasm and lost outlines were detected. A few cells with deep acidophilic cytoplasm and dark small pyknotic nuclei were also noticed. Mild cellular infiltration was also detected between the hepatocytes (Fig. 10) . Staining with Masson's trichrome showed a moderate to large amount of collagen within the connective tissue septa and in the portal areas (Fig. 11) . There was positive α-SMA immunoreactivity in the media of the portal blood vessels and in HSCs in between the hepatocytes. Many hepatocytes showed positive nuclear immunoreactivity for PCNA (Fig. 12 ).
Liver tissue of the rats in subgroup IId (MSCs+HGF-CNP-treated group) stained with H&E showed marked improvement in the hepatic architecture. Cords of hepatocytes with vesicular nuclei were seen radiating from the central vein. There was absence of dilated vessels in the portal tract; however, remnants of thin connective tissue septa were found. A few hepatocytes Table 3 and Histogram 3 summarize the results of the mean number of PCNA-positive hepatocytes.
The mean number of PCNA-positive hepatocytes revealed the highest value in subgroup IId (the MSCs+HGF-CNP-treated group), whereas the least was in group I (the control group). A comparison between two groups revealed a statistically significant difference (P <0.05). [31]. The marked dilatation in the blood vessels observed in this work may be due to portal hypertension [32] .
This group (IIa Fibrosis) also showed marked increase in collagen fibers in the interlobular septa, portal tracts and in between the hepatocytes cords. Increased collagen level is coinciding with significant increase in α-SMA expression in activated HSCs which are branched stellate cells situated in between the hepatocytes. So it can be distinguished from other myofibroblasts taking also the same distribution of stained collagen fibers through the affected lobules as in liver injury. HSCs were activated through of TGF-β. This cytokine is synthesized by different cell types in liver such as apoptotic hepatocytes and kuppfer cells [33] .
A few hepatocytes showed immunoreaction for PCNA in the untreated fibrosis group, as hepatocyte replication and regeneration are unique responses of the injured liver [34] .
In subgroup IIb (the MSCs-treated group), MSCs were chosen as they have high differentiative abilities with easy accessibility and minimal invasiveness, which makes them more advantageous than other stem cells [26] .
Subgroup IIb (the MSCs-treated group) revealed dilated portal vessels and inflammatory cellular infiltration, but these changes were moderate in comparison with those of the untreated fibrosis group. Thick connective tissue septa were seen, but the area% of collagen in this group was significantly lower when compared with that of the untreated fibrosis group. On correlating findings of immunostained sections for α-SMA, the area% of HSCs was also significantly lower when compared with the untreated fibrosis group. Many hepatocytes had a normal appearance with vesicular nuclei, and some binucleated hepatocytes were also detected. These findings add more evidence to the therapeutic potential of human umbilical MSCs and bone marrow MSCs in the treatment of rat liver fibrosis reported in other previous studies [23, 30] . In addition, MSCs may suppress HSC activity and secrete MMPs, thereby eliminating ECM deposition [35] .
Many hepatocytes in the MSCs-treated group exhibited nuclear immunoreactivity for PCNA. This increase was significant in comparison with the control group. As reported in other studies, PCNA-positive cells could be proliferating hepatocytes indicating the regeneration of the liver after its injury. PCNA expression increased after human amniotic MSCs transplantation compared with the little PCNA immunostaining in normal livers [36] .
In subgroup IIc (the HGF-CNP-treated group), HGF was incorporated in CNP nanoparticles for the delivery of HGF as drug carriers for long-acting medication. That was because HGF has a very short half-life. It is very difficult to sustain a constant high level of exogenous HGF in the circulation [23] .
Subgroup IIc (the HGF-CNP treated group) revealed dilated portal vessels and disorganization of the lobular architecture but to a less extent compared with the untreated fibrosis group. There were many normal hepatocytes with vesicular nuclei. A few vacuolated
Discussion
Liver fibrosis is caused by chronic liver injury, resulting in excessive deposition of collagen and other components of ECM [1, 2] .
Stem cell transplantation is an attractive line in regenerative medicine. HGF is a crucial mitogen and morphogen for liver regeneration process after liver injuries [23] .
The present study aimed to investigate the therapeutic effect of MSCs, HGF, and the combination of both on liver fibrosis.
Rodent models for liver fibrosis can be induced by a variety of hepatotoxins. However, TAA was used in this study as the resultant fibrosis is similar to that of chronic hepatitis infection, which is a highly prevalent disease, especially in Egypt, and is comparable to liver cirrhosis in humans [24] . The dosage and duration was determined according to the pilot study and in accordance with Alshawsh et al. [25] .
In this study, MSCs, HGF-CNP, MSCs+HGF-CNP, and CNP were administered by the intravenous route as it is the least invasive route and the most effective [26] .
Identification of activated HSCs was performed using immunohistochemical staining for α-SMA, as it has been proved to be a reliable and widely used marker of HSC activation [27] . HSC activation is an early step in liver fibrogenesis; this is followed by collagen deposition and progressive fibrosis, leading to cirrhosis [28] . Immunohistochemical detection of PCNA was also performed in this work as a marker of hepatocyte proliferation [29] .
Minimal amount of collagen fibers around the central vein and in portal tracts was detected by Masson's trichrome staining. No interlobular septa could be detected demarcating the hepatic lobules. These findings were in agreement with those of Alshawash et al. [25] .
In the control group, immunoreaction to α-SMA was seen only in the media of the central vein and vessels of portal areas, which is attributed to the smooth muscles within the media. No positive immunostained cells in between hepatocytes were detected. This absence of α-SMApositive HSCs could explain the absence of collagen fibers in between the hepatocytes [30] . Few hepatocytes expressed positive immunoreaction for PCNA, which coincides with the results of Gu et al. [31] , who detected a few PCNA-positive hepatocytes in normal livers of mice.
Subgroup IIa (the untreated fibrosis group) showed extensive loss of normal hepatic architecture in the form of marked thickening of the interlobular septa associated with heavy inflammatory cellular infilteration and marked dilatation of the portal vessels. Some hepatocytes had deep acidophilic cytoplasm and pyknotic nuclei, which were indicative for apoptosis; other hepatocytes appeared vacuolated and might contain fragmented nuclei, which were indicative for necrosis. These changes may induce death of hepatocytes either by apoptosis or by necrosis group may be due to the carrying effect of endogenous HGF [39] .
hepatocytes could be seen. Some hepatocytes with rarified cytoplasm were detected. A few cells with deep acidophilic cytoplasm and small, dark pyknotic nuclei were also noticed. Mild cellular infiltration was detected in between the hepatocytes. These findings denoted improvement in the fibrosis with residual changes. There was thickening of interlobular fibrous septa with increased area% of collagen compared with control but less than that of the untreated fibrosis group, and hence there was a direct relationship between the area% of collagen and α-SMA immunostaining for HSCs, as HGF has therapeutic potential as an antiapoptotic, anti-inflammatory, and antifibrotic agent, in addition to inhibiting collagen synthesis in HSCs [37] . In this study, many hepatocytes expressed nuclear immunoreactivity for PCNA with significant increase compared with the control group. This can be explained as HGF could promote liver regeneration by enhancing mitosis and inhibiting apoptosis of hepatocytes [38] .
Subgroup IId (the MSCs+HGF-CNP-treated group) more or less regained the normal hepatic architecture: cords of vesicular nucleated hepatocytes radiating from the central vein and absence of dilated vessels in the portal tract. A few hepatocytes with dark acidophilic cytoplasm and dark nuclei (feature of apoptotic cells) were detected. Many binucleated hepatocytes could be seen. However, remnants of thin connective tissue septa were found. A minimal amount of collagen fibers were detected around the central vein and in the portal tract, and the area% of collagen was increased compared with the control group and significantly decreased compared with the untreated fibrosis group and the MSCs-treated and HGF-CNPtreated groups. These findings denoted the synergistic effect of mixed MSCs and HGF-CNP in treating liver fibrosis. These results were directly related to the area% of α-SMA immunoreactivity of HSCs. In addition, many hepatocytes showed PCNA nuclear immunoreactivity with significant increase compared with the control, the untreated fibrosis, the MSCs-treated, and the HGF-CNP-treated groups. These findings were in agreement with those of Jin et al. [39] .
In the CNP-treated group, many hepatocytes were vacuolated with fragmented nuclei (karyorrhexis). Some cells were apoptotic with deep acidophilic cytoplasm and small, dark pyknotic nuclei. There was marked thickening of the interlobular septa and disorganization of the lobular architecture, with marked increase in the amount of collagen fibers in the interlobular septa, portal tracts, and in between the distorted hepatocyte cords; this increase was significant in comparison with the control, MSCs-treated, HGF-CNP-treated, and MSCs+HGF-CNP-treated groups. There was a statistically significant decrease in the amount of collagen in comparison with the untreated fibrosis group. The area% of α-SMA immunostaining for HSCs had a direct relationship with the area% of collagen. A few hepatocytes showed immunoreaction for PCNA, which was higher than that of the control group and the untreated fibrosis group. This mild improvement compared with the untreated fibrosis
